Hfq is a small RNA-binding protein involved in the post-transcriptional regulation of gene expression by affecting the stability of the mRNA and by mediating efficient pairing between small regulatory RNAs and their target mRNAs. In Legionella pneumophila, the aetiological agent of Legionnaires' disease, mutation of hfq results in increased duration of the lag phase and reduced growth in low-iron medium. In an effort to uncover genes potentially regulated by Hfq, the transcriptome of an hfq mutant strain was compared to that of the wild-type. Unexpectedly, many genes located within a 100 kb genomic island, including a section of the previously identified efflux island, were overexpressed in the hfq mutant strain. Since this island contains a putative conjugative system and an integrase, it was postulated that it could be a new integrated mobile genetic element. PCR analysis revealed that this region exists both as an integrated and as an episomal form in the cell population and that it undergoes differential excision in the hfq mutant background, which was further confirmed by trans-complementation of the hfq mutation. This new plasmid-like element was named pLP100. Differential excision did not affect the copy number of pLP100 at the population level. This region contains a copper efflux pump encoded by copA, and increased resistance to copper was observed for the hfq mutant strain that was abrogated in the complemented strain. A strain carrying a mutation of hfq and a deletion of the right side recombination site, attR, showed that overexpression of pLP100 genes and increased copper resistance in the hfq mutant strain were dependent upon excision of pLP100.
INTRODUCTION
Legionella pneumophila is a water-borne pathogen that can be found in almost any natural or man-made water system where it infects and replicates inside protozoa. Following inhalation of contaminated water droplets by humans, L. pneumophila infects and replicates within lung alveolar macrophages. The Icm/Dot type IVb secretion system is essential for intracellular multiplication in host cells, and a number of its substrates were shown to modify host cell properties to the benefit of intracellular L. pneumophila (reviewed by Franco et al., 2009) .
To date, eight strains of L. pneumophila have been sequenced: Philadelphia-1 (Chien et al., 2004) , Paris (Cazalet et al., 2004) , Lens (Cazalet et al., 2004) , Alcoy (D'Auria et al., 2010) , Corby (Glöckner et al., 2008) , Lorraine (Gomez-Valero et al., 2011) , HL 0604 (Gomez-Valero et al., 2011) and 570-CO-H (Amaro et al., 2012) . Detailed analyses of the pangenome of L. pneumophila, excluding the genome of strain 570-CO-H, which was only recently published, revealed that the genomes are highly syntenic and contain a core genome consisting of~2000 genes (D'Auria et al., 2010; Gomez-Valero et al., 2011) . In addition, it was reported that most of the genes shared by only a subset of the strains are found on genomic islands, probably acquired by horizontal gene transfer events. Bacteriophages, plasmids and other mobile genetic elements, as well as natural competence are key players in genome plasticity (Dagan et al., 2008) . Several plasmid-like elements have been described in L. pneumophila: LpPI-1, a 65 kb island encoding a type IV secretion system homologous to the Tra proteins of the F-plasmid of E. coli (Brassinga et al., 2003) ; the 30 kb unstable genetic IP: 54.70.40.11
On: Sun, 21 Apr 2019 19:00:51 element responsible for LPS phase variation (Lüneberg et al., 2001) ; Trb-1/Trb-2 conjugation systems in Corby (Glöckner et al., 2008) and pLP45 and pP36, encoding the lvh/lvr type IV secretion system in the Philadelphia-1 and Paris strains respectively (Doléans-Jordheim et al., 2006; Segal et al., 1999) . A 100 kb 'efflux island' region containing several ORFs encoding putative efflux systems was identified in Philadelphia-1 (Chien et al., 2004) , and a recent study reported that this region is not involved in intracellular multiplication, but that one of the genes (copA) confers resistance to CuCl 2 (Kim et al., 2009) . The published borders of the efflux island were not confirmed experimentally and, to our knowledge, its mobility has not been previously investigated. Plasmid-like elements sometimes encode conjugative systems, which allow for their transfer to a recipient cell, after excision from the chromosome (reviewed by Wozniak & Waldor, 2010) . Such genomic elements are referred to as integrative and conjugative elements (ICEs).
There are a number of gene products known to be involved in the regulation of growth, virulence and response to stressful conditions in L. pneumophila, including proteins, such as PmrA, RpoS, CpxR, LetA/S, CsrA (Altman & Segal, 2008; Gal-Mor & Segal, 2003; Hovel-Miner et al., 2009; Molofsky & Swanson, 2003; Zusman et al., 2007) , and small regulatory RNAs (sRNAs), such as RsmYZ and 6S RNA (Faucher et al., 2010; Hovel-Miner et al., 2009; Rasis & Segal, 2009; Sahr et al., 2009) . The small RNA-binding protein Hfq is often involved in sRNA-mediated regulation of gene expression, but is not always essential . Hfq was first identified in E. coli as a required host factor for the replication of the RNA phage Qb (Franze de Fernandez et al., 1968) . Published evidence supports a model where Hfq acts as a scaffold to facilitate the interaction between a sRNA and its target mRNA (Aiba, 2007) . In L. pneumophila, an hfq deletion mutant strain shows an increase in the duration of the lag phase after dilution of the culture into fresh broth, as well as a growth defect when cultured in a low-iron medium (McNealy et al., 2005) . The latter phenotype seems to be due to the reduced expression of the ferric uptake regulator (Fur) in the hfq mutant strain (McNealy et al., 2005) . Since Hfq-dependent regulation is mediated, at least in part, through sRNA, we hypothesized that the study of the transcriptome of the hfq mutant strain could help identify genes potentially regulated by sRNA.
The initial goal of this study was to decipher the transcriptomic impact of the absence of Hfq. Microarray analysis of the transcriptome of the hfq mutant during post-exponential phase revealed that many genes located within a large genomic island, comprising a section of the putative 100 kb efflux island, are overexpressed in the hfq mutant strain compared to the wild-type. We hypothesize that this island could be a mobile genetic element undergoing excision in an Hfq-dependent manner. In the present study, we provide evidence that this genomic island can be excised from the chromosome and that Hfq regulates the excision of this new genetic element.
METHODS
Media and antibiotics. Media and antibiotics were used as previously described (Sadosky et al., 1993) . L. pneumophila was grown on BCYE (buffered charcoal yeast extract) plates and in AYE (ACES buffer yeast extract) broth. Liquid cultures were started with an inoculum corresponding to OD 600 0.1 and grown with constant agitation at 37 uC. Exponential phase cultures were harvested at an OD 600 of approximately 0.7. Post-exponential phase cultures were harvested an OD 600 between 3.5 and 4.0, 6 h after the cessation of growth. Antibiotics and supplements were used at the following concentrations: kanamycin, 50 mg ml 21 ; chloramphenicol, 5 mg ml 21 ; gentamicin, 10 mg ml 21 ; IPTG, 1 mM. E. coli strains were grown on LB plates and in LB broth. Chloramphenicol was added to a final concentration of 25 mg ml 21 .
Bacterial strains and construction of mutant strains. All the strains used in this study are derivatives of JR32, a streptomycinresistant, restriction negative mutant of L. pneumophila strain Philadelphia-1 (Sadosky et al., 1993) and are described in Table 1 . The hfq mutant strain was isolated from a bank of transposon insertion mutants constructed with Tn903dIIlacZ in JR32 (Sadosky et al., 1993) . The hfq mutation was moved to the competent strain KS79 as previously described . KS79 is used as the control strain for all experiments and will be hereafter referred to as the wild-type strain. The plasmid used for complementation of the hfq mutation, ptacHFQ, was constructed by cloning the hfq gene in pMMB207c (Morales et al., 1991) . The hfq gene was first amplified by PCR using Taq polymerase (Life Technologies), and primers hfqF and hfqR, which contain XbaI restriction sites (underlined in Table  2 ). The hfq amplicon and pMMB207c were digested with XbaI (NEB) and the plasmid was further treated with calf intestinal phosphatase (NEB). The fragments were ligated using T4 DNA ligase (NEB) and transformed into E. coli DH5a. Clones were screened for correct orientation of the insert by PCR using primers pMMB-Prom-F (Table  2 ) and hfqR. The resulting plasmid, ptacHFQ was transformed into the hfq mutant strain by electroporation as previously described (Chen et al., 2006) . Mutation of copA and attR was performed as previously described (Hovel-Miner et al., 2009 ), using primers described in Table 2 . Briefly, primers 1,2 and 5,6 were used to amplify a 1 kb fragment homologous to the upstream and downstream region of the target gene respectively. Primers 3,4 were used to amplify a gentamicin-resistance cassette from plasmid pBBR1MCS-5 (Kovach et al., 1995) . The three fragments were joined together by long-flanking homology PCR to create an allelic exchange fragment that was then introduced into KS79 as described above. The copA and attR mutations were also moved to the hfq mutant strains as described above. Allelic exchange was confirmed by PCR.
Transcriptomic study by microarray. The wild-type and the hfq mutant strains were grown in AYE broth under constant agitation at 37 uC. Cells were harvested when the post-exponential phase was reached, approximately 6 h after the cessation of growth. One millilitre of culture was pelleted by centrifugation, resuspended in 40 ml Tris-EDTA buffer and lysed with the addition of 1 ml TRIzol reagent. RNA extraction was performed with TRIzol reagent according to the manufacturer's protocol. The RNA was subsequently treated with Turbo DNase (Ambion) and purified by phenol/ chloroform extraction. The purity and concentration of RNA were determined by UV spectrophotometry and its integrity was confirmed on a formaldehyde-agarose gel. Fifteen micrograms of RNA was labelled with amino-allyl dUTP (Sigma) during reverse transcription (Supercript II, Life Technologies) using random hexamers (Life Technologies) as previously described (Faucher & Shuman, 2012; Hovel-Miner et al., 2009) . Genomic DNA was used as a reference channel and was labelled by random priming using Klenow fragments, amino-allyl dUTP and random primers as described IP: 54.70.40.11
On: Sun, 21 Apr 2019 19:00:51 previously (Faucher et al., 2006) . DNA was subsequently coupled to the succinimidyl ester fluorescent dye (Life Technologies) AlexaFluor 546 (for cDNA) or AlexaFluor 647 (for gDNA) following the manufacturer's protocols. The microarray used and the protocol for hybridization, data acquisition and data analysis have been published elsewhere Faucher & Shuman, 2012 ; Hovel-Miner et al., 2009). Three biological replicates were used for each strain. Statistical analysis between the hfq mutant strain and the wild-type control was performed using an unpaired one-tailed Student's t-test. Genes were considered differentially expressed if they demonstrated a ratio-to-control value of ±2-fold with a P,0.005. The microarray data are available from the GEO database (http://www. ncbi.nlm.nih.gov/geo/) under the accession number GSE42905.
Analysis of insertion/excision by PCR. Genomic DNA was extracted with the QIAamp DNA kit (Qiagen) and the integrity was determined by electrophoresis on agarose gel. The concentration and purity were determined by UV spectrophotometry. PCR was performed with Taq DNA polymerase (Life Technologies) on 10 ng of genomic DNA in a 50 ml reaction following the manufacturer's recommendations. Primers are described in Table 2 . Amplification of the rpoS gene was performed to ensure that a similar quantity of gDNA was used for all samples. PCR amplicons were visualized on 0.7 % agarose gels in Tris/acetate EDTA buffer.
DNA sequencing. Sequencing of the attP and attB sites was performed by Sanger sequencing at the Plate-forme d'Analyses Génomiques of Laval University, Québec City, Québec, Canada.
Quantitative PCR. To quantify the copy number of pLP100, genomic DNA was extracted from strains grown to post-exponential phase as described above. The qPCR was then carried out on 10 ng of gDNA using the iTaq Universal SYBR Green Supermix (Bio-Rad). For analysis of gene expression by qPCR, RNA was extracted from strains grown to post-exponential phase as described above for microarray experiments. One microgram of RNA was then converted to cDNA by using random primers and superscript II (Life Technologies) following the manufacturer's instructions. For each sample, a no reverse-transcriptase reaction was carried out to serve as a negative control. qPCRs were then performed with 1 ml of cDNA using the iTaq Universal SYBR Green Supermix (Bio-Rad). Primers are described in Table 2 . A relative quantification strategy was used to perform analysis of the qPCR data. The calculated threshold cycle was normalized to the value of the internal control 16S rRNA amplified from the corresponding samples and the fold-change was calculated as previously described (Livak & Schmittgen, 2001 ).
Susceptibility to CuCl 2 . Bacterial strains were grown to postexponential phase in AYE broth under constant agitation. CuCl 2 was then added to a final concentration of 4 mM (Kim et al., 2009) 
RESULTS

Transcriptome of the hfq mutant strain
The analysis of the transcriptome of the hfq mutant strain grown to post-exponential phase reveals a large region of overexpressed genes compared to the wild-type strain (Fig.  1a ). Most of the 98 genes in this region, bordered by lpg0973 and lpg1070, show a high expression ratio (average53.26, SD51.14). The expression of three genes (lpg0985, lpg0992 and lpg0995) is unchanged while lpg1039, coding for a small hypothetical protein, shows reduced expression (22.38). The %GC content of this region (41 %) is somewhat higher than the average of the whole genome (38 %) ( Fig. 1b) . A tRNA (tRNA thr , lpg0972) is encoded upstream of the overexpressed region, while an integrase (int, lpg1070) and a putative phage protein (lpg1069) are encoded at the far end ( Fig. 1c) . A transposase is encoded by lpg1071 (tnp), but its expression was not affected by the hfq mutation. Moreover, a putative conjugation system could be encoded from lpg1005 to lpg0983 in the reverse direction ( Fig. 1d ). It is important to note that an efflux island was previously delimited arbitrarily by genes lpg1006 and lpg1096 and that its mobility was not investigated (Chien et al., 2004; Kim et al., 2009 ). Hence, we hypothesized that the region delimited by lpg0973 and lpg1070 represents a mobile genetic element whose expression is upregulated by its excision from the chromosome. Therefore, the first goal was to investigate the excision and circularization of this presumed genetic element.
Circularization of the overexpressed region
We used PCR amplification to investigate the possibility that the overexpressed region could be excised from the genome of L. pneumophila and exist as an episome. We designed primers (intF/tnpR) encompassing the right side junction region between int (lpg1070) and tnp (lpg1071) to investigate the presence of the integrated form (Fig. 1c ). The integrated form was amplified with similar efficiency from the wild-type and hfq mutant grown to exponential and post-exponential phase ( Fig. 2a ). Primers 0973R/intF were used amplify the junction between lpg0973 and int that presumably exists in the episome to investigate the presence of the episomal form (Fig. 1c ). The episomal form was also amplified from both strains grown to exponential phase with similar efficiency (Fig. 2b , E phase); however, this region was not amplified effectively from the wild-type strain grown to post-exponential phase in contrast to the hfq mutant strain (Fig. 2b , PE phase). By increasing the amount of gDNA from 10 ng to 20 ng, the episomal form was amplified from the wild-type grown to post-exponential phase, although the signal was definitively lower than the amplification from the hfq mutant strain ( Fig. 2b ; 20 ng, lanes 1 and 2). Thus, this genomic region seems to be an integrated element that undergoes excision and exists as an episome in the cell. Given its size of 100 kb, this element was named pLP100 (Fig. 1d) . A similar PCR amplification of the episomal junction region from the wild-type and hfq mutant strains during exponential phase indicates a similar amount or frequency of the episomal form. In contrast, the reduced amplification observed in the wild-type strain compared to the hfq mutant strain during post-exponential phase reflects a lower amount or frequency of this episomal form. Therefore, we hypothesized that Hfq is required to reduce the excision rate of pLP100 when the culture reaches postexponential phase.
Hfq affects the excision/integration of pLP100
To confirm the regulation of the excision/integration of pLP100 by Hfq, the hfq mutant strain was complemented by transformation of a plasmid (ptacHFQ) carrying the hfq gene under the transcriptional control of the inducible Ptac promoter. Strains were grown to post-exponential phase and PCR was used to investigate the presence of the integrated form (IN), the episomal form (OUT), and the empty chromosome (EMPTY) as shown in Fig. 2 . Amplification of the gene rpoS located outside the region was used as a control. According to Fig. 2c , the very high signal detected indicates that the integrated form seems to be predominant in the cell population during the post-exponential phase, regardless of the strain tested.
Amplification of the episomal form resulted in a higher signal in the hfq mutant strain than in the wild-type strain and was abrogated in the complemented strain grown with IPTG. The amplification of the episomal form from the complemented strain grown without IPTG resulted in a higher signal than in the wild-type strain. This is probably because of partial complementation due to leakage of the Ptac promoter (Morales et al., 1991) . Amplification of the empty site in the chromosome was stronger in the hfq mutant strain and in the complemented strain grown Ipg0001  Ipg0068  Ipg0135  Ipg0204  Ipg0271  Ipg0339  Ipg0406  Ipg0473  Ipg0540  Ipg0615  Ipg0682  Ipg0750  Ipg0817  Ipg0884  Ipg0951  Ipg1018  Ipg1087  Ipg1154  Ipg1221  Ipg1288  Ipg1355  Ipg1422  Ipg1489  Ipg1556  Ipg1623  Ipg1690  Ipg1756  Ipg1823  Ipg1891  Ipg1958  Ipg2025  Ipg2093  Ipg2163  Ipg2232  Ipg2299  Ipg2366  Ipg2434  Ipg2502  Ipg2569  Ipg2636  Ipg2703  Ipg2776  Ipg2843  Ipg2910  Ipg2977   0 Ratio Hfq/WT (log 2 ) Fig. 1 . Genomic localization of pLP100. (a) The log 2 ratio of gene expression in the hfq mutant strain compared to the wild-type JR32 strain is plotted against the genes coordinate. The region denoted by A refers to the 100 kb region, hereafter referred to as pLP100, showing higher expression in the hfq mutant strain, and the region denoted by B represents the 65 kb LpPI-1 locus absent in the JR32 strain. (b) Shows the %GC content of the L. pneumophila genome: outside, higher than average; inside, lower than average. The overexpressed region, identified in panel (a), is marked by a thick grey line (bp 1 067 616-1 167 117).
(c) Schematic representation of the integration/excision of pLP100 in the chromosome of L. pneumophila strain Philadelphia-1.
The primers used in this study are 0971F, 0973R, intF and tnpR (from left to right) and are depicted by black arrows. The att sites are shown in grey. The gene organization of pLP100 is shown in panel (d). The circles, from outside to inside, represent:
(1) ORF encoded in the forward direction, (2) ORF encoded in the reverse direction, (3) position of the int gene (box), attP (vertical line) and the putative conjugative machinery (arrow) and (4) %GC content (outside, higher than average; inside, lower than average).
without IPTG than in the complemented strain induced with IPTG, thus confirming the excision of pLP100 from the chromosome. Taken together, these results strongly support the hypothesis that Hfq represses the excision of pLP100 from the chromosome, at least during the postexponential phase of growth.
Sequence of the att sites
The junction region in the episomal form of pLP100 was sequenced to precisely identify the site of excision and recombination. Primers intF and 0973R were used to amplify a fragment from the DNA of the hfq mutant strain grown to post-exponential phase. The sequence of the resulting fragment was determined in six different reactions, half using the primer intF and the other half using primer 0973R. The sequence contained a fragment homologous to bp 1 167 047 to 1 167 343 located between int and tnp genes and a fragment homologous to bp 1 067 101 to 1 067 256 comprising 42 bp of lpg0972 (tRNA thr ) and 113 bp upstream of lpg0973 (Fig. 1c ).
The two homologous sequences are overlapping by 56 bp, which is likely to be the recombination site. Thus, the episomal form is composed of bp 1 067 101 to 1 167 287.
The sequence of the junction in the empty chromosome was also determined by using primers 0971F and tnpR as described above for the episomal junction region. The sequence contains a complete tRNA thr gene followed by 103 bp downstream of tnp (lpg1071). Analysis of the sequenced junction regions, and the sequences to the left and right side junction region of the integrated episome derived from the published genome, revealed a fragment containing 42 nucleotides of the 39-end of the tRNA and 14 nt downstream of it, delimited by bp 1 067 101 to 1 067 156, that was found in all sequenced junction regions and represents the att sites of recombination of the episome. The site found in the plasmid was named attP, the site in the empty chromosome, attB and the sites flanking the integrated form, attL and attR (Fig. 1c ).
pLP100 does not integrate in an alternative integration site BLAST analysis was used to search the genome for alternative insertion sites. Only one putative additional site for insertion of pLP100 was found, which is hereafter referred to as Site 2. It is located between bp 1 181 696 and 1 181 750, 15 kb downstream of the attR site, and has 87.5 % shared identity with the att sequence. This site is located upstream of a putative phage integrase in a region that also contains a reverse transcriptase. PCR was used to investigate a possible integration of pLP100 into Site 2 (data not shown). Amplification of the empty Site 2 resulted in a strong band; however, amplification of the putative integrated form, using primers site2F/0973R did not produce any amplicon. Therefore, it seems that Site 2 is not an integration site and if it is occupied at all, the frequency is not high enough to allow detection by PCR. (c) A complementation study was performed to validate the phenotype of the hfq mutant strain in the post-exponential phase. L. pneumophila strains were grown to exponential (E) and post-exponential phase (PE) and DNA was extracted. PCR was performed on 10 ng of DNA using primers intF/tnpR to amplify the integrated form (IN), intF/0973R to amplify the excised form (OUT) or 0971F/tnpR to amplify the empty chromosome (EMPTY). Amplification of rpoS, located outside pLP100, was used as a control to show that an equal amount of gDNA was used for each strain tested. Samples are as follows: N, negative control; 1, wild-type; 2, hfq mutant strain; 3, hfq+ptacHFQ ON (grown with 1 mM IPTG); 4, hfq+ptacHFQ OFF (grown without IPTG); L, 1 kb Plus DNA ladder (Life Technologies). Excision of pLP100 does not affect its copy number Self-replication of pLP100 after excision could lead to overexpression of the genes it encodes by a mechanism of gene dosage. We used a qPCR approach to evaluate the copy number of two genes encoded in pLP100, copA and int, and one gene encoded outside of it, sodB. No change in copy number was detected by qPCR in the hfq mutant strain compared to the wild-type (Fig. 3) . Therefore, it is unlikely that gene dosage is the mechanism that causes overexpression of the pLP100 genes.
Overexpression is genetically linked to excision of pLP100
At this point, our hypothesis was that the excision of pLP100 in the hfq mutant strain causes overexpression of the genes it encodes. Therefore, a mutation that would prevent pLP100 excision would restore wild-type level expression of the pLP100 genes in an hfq mutant background. To test this hypothesis, we constructed an attR mutant in which the attR site was replaced with a gentamicin-resistance cassette. In this mutant, pLP100 seems to remain in its integrated form because no episomal form could be detected (Fig. 4a, lane 5) . We also constructed a mutant strain carrying both hfq and attR mutations in which pLP100 is also locked in the chromosome (Fig. 4a, lane 6) . We used qPCR analysis to monitor the expression of copA, a previously characterized gene carried on pLP100 (Kim et al., 2009) . In agreement with the microarray analysis, copA was overexpressed in the hfq mutant and complementation restored the wild-type expression level (Fig. 4b ). Expression of copA was similar in the attR hfq double mutant strain and in the wild-type suggesting that its overexpression in the hfq mutant is dependent upon excision of pLP100. This was further confirmed by a similar expression level of copA in the single attR mutant compared to the wild-type strain (Fig. 4b) .
Expression of lpg1613 was used as an Hfq-independent control located outside pLP100 and showed no change in expression in the strains studied (Fig. 4c) . Taken together, these observations strongly support our hypothesis that Hfq-dependent overexpression of pLP100 genes in postexponential phase is linked with excision.
The hfq mutant is more resistant to CuCl 2
Since the copA gene encodes a copper efflux pump and is overexpressed in the hfq mutant strain, we hypothesized that the hfq mutant strain might be more resistant to copper than the wild-type strain after growth to postexponential phase. Resistance to CuCl 2 was investigated by incubating the strains, grown to post-exponential phase, with 4 mM CuCl 2 for 8 h. Fig. 4(d) shows that the hfq mutant strain is significantly more resistant than its wildtype counterpart, and that the expression of hfq from the Ptac promoter in the hfq mutant strain resulted in the Fig. 3 . The copy number of pLP100 is unchanged in the hfq mutant strain. DNA was extracted from the wild-type, hfq mutant and complemented strains, grown to post-exponential phase. qPCR was used to determine the relative copy number of two genes encoded in pLP100, int (a) and copA (b), and a gene encoded outside of it, sodB (c). Data are presented as the mean of three replicates and the error bars represent SD.
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On: Sun, 21 Apr 2019 19:00:51 Expression relative to WT (log 2 ) Fig. 4 . Overexpression of genes carried by pLP100 depends on excision. (a) DNA was extracted from strains grown to postexponential phase and 20 ng of gDNA was subjected to PCR amplification as described in Fig. 2 . Note that the mutant allele of attR carries a gentamicin-resistance cassette, which produces a larger amplicon for the integrated form than in the wild-type strain. RT-qPCR was used to investigate expression of copA (b), located on pLP100, and lpg1613 (c), located outside of it and whose expression was not affected by hfq mutation. Data are presented as the mean of three replicates and the error bars represent the standard deviation. Since the data represent a ratio against the wild-type strain, we used the non-parametric Mann-Whitney test to assess statistical significance (*, P¡0.05). (d) L. pneumophila strains were grown to post-exponential phase and CuCl 2 was added to a final concentration of 4 mM. C.f.u. were determined after 8 h and the ratio to the c.f.u. in untreated cultures was calculated. The complemented strain was grown with (ON) and without (OFF) 1 mM IPTG. Data are presented as a ratio between treated and untreated control. The mean of three replicates is shown and the error bars represent SD. Since the data represent a ratio, we used the non-parametric Mann-Whitney test to assess statistical significance, compared to the wild-type (*, P¡0.05).
wild-type phenotype. The mutant strain harbouring the plasmid for complementation but not induced with IPTG was as resistant to CuCl 2 as the hfq mutant strain. This phenotype was dependent on copA, since strains carrying a copA mutation or mutations for both hfq and copA were most sensitive to copper (Fig. 4d ). The attR mutant strain and the double attR hfq mutant strain were as sensitive as the wild-type to copper, which supports a genetic link between excision and overexpression of the genes encoded on pLP100.
DISCUSSION
This study reports the identification of a new genomic island in L. pneumophila that can excise itself from the chromosome and exist as an episomal form. Due to its size of 100 kb, this element was named pLP100. A conjugation system was not readily identifiable on pLP100 based on the actual annotation of the genes encoded therein. However, the left side of the insert contains a long series of genes encoded in the reverse orientation, including lpg0983 and lpg0989 respectively annotated as 'conjugative coupling factor TraD' and 'Type IV secretory protein VirB4 components'. Re-annotation of the neighbouring genes was performed by BLASTP analysis and revealed that many of the gene products have homology to, or possess conserved domains related to proteins involved in conjugation systems. Therefore, it seems that pLP100 contains a putative conjugation system encoded from lpg1005 to lpg0983 in the reverse direction (Fig. 1d ). The functionality of this conjugative system is presently unknown and will require further analysis. The Icm/Dot type IVb secretion is able to mobilize plasmid RSF1010, a process that is partially dependent on the lvh type IV secretion system encoded by pLP45 (Segal et al., 1999; Vogel et al., 1998) . This suggests that mobilization and transfer of pLP100 from L. pneumophila to other bacterial species could be mediated by other transfer systems or could partially require transfer proteins encoded on other genomic islands, if the system encoded within pLP100 is not fully functional.
Sequence analysis revealed that the attB integration site of pLP100 is at the 39-end of tRNA thr (lpg0972). A search for the conserved domain in the predicted integrase (lpg1070) encoded on pLP100 revealed a specific hit for bacteriophage P4 integrase (E-value of 3.76610 2102 ). This class of integrase is known to mediate integration into the 39-ends of tRNA genes, which is consistent with the integration site of pLP100 (Wozniak & Waldor, 2010) . There are two other predicted tRNA thr genes (lpg0310 and lpg0313) annotated in the L. pneumophila genome but the sequence homology with lpg0972 is weak and it is unlikely that they can serve as integration sites for pLP100. Another integration site (Site 2) was predicted by BLAST analysis, but PCR analysis did not detect integration of pLP100 into this site. This result supports the idea that the integration of pLP100 requires high sequence homology between attP and attB.
The small RNA-binding protein Hfq seems to play a role in preventing excision of pLP100 from the chromosome during the post-exponential phase since mutation of hfq promotes its excision, and this phenotype can be complemented in trans (Fig. 2c) . No difference was observed between the wild-type strain and the hfq mutant during exponential growth (Fig. 2) . In the Paris strain, excision of pP36 from the chromosome was observed only during the post-exponential phase (Doléans-Jordheim et al., 2006) , which suggests, together with the results presented here, that transcriptional programmes active during post-exponential phase might have an effect on the excision of integrated elements in L. pneumophila.
Presumably, stress encountered in the post-exponential phase, such as starvation, decrease in pH or accumulation of reactive oxygen species and waste could affect excision of the ICE from the chromosome for subsequent transfer to another cell. It is known that transfer of the SXT element of Vibrio cholerae is increased upon induction of the SOS response by DNA-damaging agents in a RecA-dependent manner (Beaber et al., 2004) . In contrast to pP36, our results suggest that in the wild-type strain, pLP100 excision during exponential phase is more frequent than during post-exponential phase and that this repression of excision, when the bacteria reach post-exponential phase is Hfqdependent. Yet another possibility is that the excision rate is not different between growth phases, but that the episomal form of pLP100 has the ability to replicate by itself more effectively during exponential growth, resulting in more copies of the genes it encodes. This second model would suggest that during the post-exponential phase, the plasmid replication rate decreases in an Hfq-dependent manner, thus resulting in an increase in the number of the episomal form in the hfq mutant. However, this second model is challenged by the observation that the copy number of genes encoded on pLP100 is the same in the wild-type and hfq mutant strains (Fig. 3 ). In addition, the observation that the empty chromosomal junction region is amplified more efficiently from the hfq mutant strain supports our first model in which Hfq regulates excision of pLP100 (Fig. 2c) . Additional investigation is required to determine the exact mechanism underlying this phenotype. To our knowledge, this is the first time that Hfq involvement in the regulation of excision of an ICE has been demonstrated. However, Hfq was previously shown to regulate the transposition of IS10 by affecting the expression of the transposase (Ross et al., 2010) . It is possible that a similar mechanism could affect the excision/ integration rate of pLP100 by affecting the expression of the integrase int either directly or indirectly by interacting with an unidentified sRNA. A recent study showed that the pLP45 possess a sRNA (lpr0035) encoded in the attL site that regulates a few virulence-related genes encoded within it (Jayakumar et al., 2012) . No sRNA was found in the attL site of pLP100 (Faucher et al., 2010; Weissenmayer et al., 2011) ; however, pLP100 possesses a putative sRNA, lpr0030, located between lpg1009 and lpg1010, whose function is currently being investigated. Two hypotheses were considered to explain the increased expression of genes encoded on pLP100 in the hfq mutant strain. First, a mechanism of gene dosage was proposed, but it was rejected because similar copy numbers of copA and int genes were detected in the wild-type and hfq mutant strains (Fig. 3) . This is further supported by a similar increase in the signal of the episomal form and of the empty insertion site in the hfq mutant strain, suggesting that the total copy number stays the same (Fig. 2c) . Second, a genetic link between excision and overexpression was considered. To test this hypothesis, we constructed strains harbouring a mutation in attR and mutations in both attR and hfq, where pLP100 is locked in the chromosome (Fig.  4) . Overexpression of copA, encoded in pLP100, was observed in the hfq mutant strain but not in attR or hfq attR mutant strains. Increased resistance to copper in the hfq mutant strain, abrogated in the hfq attR mutant strain, validates these observations (Fig. 4d ). Taken together, these observations strongly support the hypothesis that the overexpression of pLP100 genes is dependent on excision and is therefore indirectly regulated by Hfq. Since the episomal form was detected in the wild-type strains, albeit at low level, but not in the attR and double attR hfq mutant strains, one could expect that copA expression and resistance to copper would be lower in these strains compared to the wild-type. This is not what we observed and the reason for this discrepancy is currently unknown. One possibility is that the level of excision in the wild-type strain compared to the attR and double attR hfq mutant strains is not enough to result in a difference in gene expression at the population level.
The mechanism resulting in increased expression from the episomal form is not known, but it may be due to differences in DNA topology between the integrated and episomal forms, which can affect gene expression (Drolet, 2006) . In addition, Hfq affects the degree of supercoiling of plasmid DNA in E. coli (Tsui et al., 1994) . Similarly, the overexpression of pLP100 genes could be dependent upon both differential excision and differential supercoiling in the absence of Hfq. It is unclear how the supercoiling of pLP100 can be investigated given that the episomal form is not efficiently amplified from the wild-type and is, therefore, suspected to be present only in minute amounts. There is also the possibility that overexpression of pLP100 genes correlates with the presence of the episome but is independent of excision. For example, Hfq could also regulate the expression of a transcriptional regulator of pLP100 genes; however, the regulation of all the genes on pLP100 by a single regulator seems unlikely. Tiaden et al. (2010) reported that the lqs quorum-sensing system of L. pneumophila regulates the genes encoded on pLP100. More precisely, deletion of the sensor kinase lqsS leads to overexpression of a large island (lpg0973-lpg1096) that includes pLP100. In contrast, deletion of the orphan sensor kinase gene lqsT results in the repression of the genes lpg0973-lpg1096 (Kessler et al., 2013) . The authors did not investigate the excision of the island in the lqs mutant strains, and it is therefore unknown if lqs regulates excision of this island. In our study, the expression of genes lpg1072-lpg1096 was not affected by deletion of hfq, which suggests that the quorum-sensing system and Hfq affect expression of genes encoded within this region by different mechanisms.
Copper-silver ionization is a method of choice for the disinfection of hospital water systems (Lin et al., 2011) . The data presented here show a potential evolutionary strategy for increased resistance to copper in L. pneumophila. A mutation could arise that increases the amount of the excised form of pLP100 which would, in turn, increase copper resistance and allow such a mutant strain to survive better in water systems where copper-silver ionization is used as a disinfection method. This raises the possibility that copper could induce excision of pLP100; however, the transcriptome of L. pneumophila in response to copper nanoparticles revealed that the expression of pLP100 genes are not affected by the presence of copper (Lu et al., 2013) . A heavy metal resistance operon seems to have been acquired by a number of pathogenic bacterial species, and new emergent strains identified from recent outbreaks also contain heavy metal operons (Reva & Bezuidt, 2012) . These operons seem to have been acquired by horizontal gene transfer events and the authors postulated that it could be the result of an increase in heavy metal pollution followed by a transfer of a mobile genetic element from environmental microflora to pathogenic micro-organisms. The acquisition of pLP100 by L. pneumophila could be an example of such an event. The genome comparison tool available from the BioCyc website (http://www.biocyc.org), BLAST analysis (http://blast.ncbi.nlm.nih.gov) and the Legiolist database (http://genolist.pasteur.fr/LegioList) were used to investigate the presence of pLP100 in other L. pneumophila strains. A similar island was found in strains Alcoy and Corby, neighboured by a homologue of lpg0973 and int, but some genes seem to be deleted from the element. In strains Paris, Lens, 570-CO-H, HL060414, Lorraine, 130b and Legionella longbeachae NSW150, the putative conjugation system is present, but the rest of the island seems to have suffered from major gene reorganization, and it is unclear if the island can still excise itself from the chromosome in these strains. Therefore, it seems that this element was acquired some time in the past, before divergence of these strains as previously suggested (Tiaden et al., 2010) . Since then, pLP100 has undergone some genetic reorganization, which suggests that it comes from a relatively old horizontal gene transfer event.
CONCLUSION
In conclusion, we have identified the precise boundaries of pLP100, a mobile genetic element that partially contains the previously identified metal efflux island. Hfq is required for repression of its excision in post-exponential phase. Overexpression of the pLP100 genes during the post-exponential phase in the hfq mutant strain is genetically linked with excision of this element from the chromosome. In addition, excision of the island results in induction of the copA gene, which increases resistance of L. pneumophila to copper. To our knowledge, this is the first time that Hfq is implicated in regulating the excision of a mobile genetic element.
